ing would be needed for each geographically distinct region. Moreover, such high-throughput methods will allow screening of lead compounds that could potentially be developed into novel antimalarials.
Herein, we describe the field implementation of a nonradioactive, high-throughput assay to evaluate drug sensitivity on ex vivo isolates of P. falciparum collected from infected Senegalese patients. Previously, the only means of evaluating inhibition of parasite proliferation entailed microscopic examination of blood smears stained with modified Wright-Giemsa or use of the [ 3 H]-hypoxanthine incorporation assay. 8 The assays are either laborious or require the use of radioactive isotopes, whose safe disposal is difficult in a resource-limited setting. More recently, methods for quantifying parasite histidine-rich protein-2 (HRP-2) as well as non-radioactive fluorescence-based methods using SYBR green and 4-6-diamidino-2-phenylindole (DAPI) that measure parasite DNA have been developed. [9] [10] [11] We have adapted the DAPI-based method to evaluate drug sensitivity of ex vivo P. falciparum parasite cultures, thus directly assessing parasite samples collected from patients under field laboratory conditions in Senegal.
We examined the drug-sensitivity profiles of P. falciparum parasites derived from Senegalese patients presenting during transmission season in the fall of 2007 to the Anti-Parasite Service in Thiès (SLAP), a city ~75 km southeast of Dakar, against a panel of antimalarial agents. In this region, malaria transmission is perennial and hypoendemic with an increase in cases during the end of the rainy season from September to December. 12 Approximately one-third of all outpatient consultations and 20-30% of mortality in healthcare facilities in Senegal can be attributed to infection with P. falciparum . CQ was recommended as the first-line malaria therapy in Senegal until 2002. However, in 2003, the Senegalese Ministry of Health altered the national treatment policy to include ACT using artesunate, a more soluble derivative of ART, plus AMQ as the first-line antimalarial regimen.
Consenting outpatients with clinical signs suggestive of mild malaria and a positive Giemsa-stained thick film for P. falciparum were identified and enrolled from SLAP. Patients Blood was collected from patients and transported on ice to the central laboratory. Only samples with 0.3% parasitemia or greater were used for the study. Inasmuch as this may introduce some bias, we were unable to use our method to obtain standard threshold 50% inhibitory concentration (IC 50 ) values for isolates with lower parasitemias. Packed erythrocytes were washed twice with RPMI (pH 7.4). The hematocrit of all samples was set to 2%, and samples with parasitemia greater than 1% were adjusted to 0.5-1.0% in complete medium using standard tissue-culture media. 10 The cell suspension (180 µL per well) was dispensed into the thawed, pre-loaded, 96-well microtiter plates. The plates were incubated at 37°C in a gas environment of 5% CO 2 , 1% O 2 , and 94% N 2 for 72 hours. Smears prepared from zero drug wells were stained with Giemsa to ensure parasite growth at 72 hours. Samples that did not show any parasite growth in culture were eliminated from the subsequent analyses. At the end of the assay, the plates were frozen at −20°C. The microtiter plates were then thawed at room temperature and centrifuged, and media were aspirated with care to avoid disturbing the red cell pellet. The fluorochrome mixture was prepared as previously described 10 and dispensed in each well at a final dilution of 1:100,000 of DAPI (5 mg/ mL stock; Molecular Probes, Inc ., Eugene, OR). The microtiter plates were then incubated in the dark for 30 minutes and centrifuged at 4,000 rpm for 10 minutes. Excess fluorochrome mixture was aspirated, and 30 µL of 1× phosphate buffered saline (PBS) was dispensed into each well. The microtiter plates were read using a Fluoroskan plate reader (ThermoFisher Scientific, Milford, MA ) with excitation and emission wavelengths of 355 nm and 460 nm, respectively. IC 50 values were calculated by non-linear regression analysis (GraphPad Prism, La Jolla, CA ). Each antimalarial compound was evaluated in duplicate.
Parasite resistance to CQ, QN, and AMQ was defined based on standard threshold IC 50 values, above which parasites are classified as resistant ( Table 1 ). The P. falciparum 3D7 laboratory strain was used to validate the DAPI assay under field laboratory conditions ( Table 1 ). The IC 50 values for 3D7 parallel those obtained in other studies. 13 Fifty-one patient isolates with 0.3% parasitemia or greater were plated, and of these, 44 samples showed adequate growth at 72 hours. Of these, 40 samples had adequate data points to generate a non-linear regression curve and calculation of IC 50 for chloroquine. Fifty percent of these evaluable isolates were from female patients with an overall average age of 25 years and 2% parasitemia. Our analysis revealed that CQ resistance, defined as IC 50 values > 100 nM, was prevalent at the rate of 23% (9/40; Figure 1 and Table 1 ). The P. falciparum CQ-resistance transporter (PfCRT) K76T polymorphism has been shown to be correlated with in vitro and in vivo CQ resistance and CQ treatment failure.
14, 15 We used standardized restriction fragmentlength polymorphism to detect the PfCRT K76T polymorphism in the 40 isolates. 16 All of the nine isolates that were resistant to CQ (IC 50 > 100 nM) possessed the PfCRT K76T polymorphism, and all of the 31 in vitro sensitive isolates were wild-type, resulting in an overall 23% genotypic resistance to CQ.
Interestingly, the in vitro and genotypic resistance rate was significantly reduced compared with resistance rates reported previously in this region. The in vitro CQ resistance in Pikine, a suburb of Dakar, was 53% in 2001 ( P = 0.0088) and 52% in 2002 ( P = 0.0258). 17, 18 Furthermore, the PfCRT K76T polymorphism was 66% and 65%, respectively, in these previous studies. This reduction in two measures of CQ resistance rate parallels the withdrawal of CQ and introduction of other antimalarials in 2002 in Senegal. A similar reduction of CQ resistance after withdrawal of CQ had earlier been reported in Malawi. 19 In that study, a rapid and progressive decrease in CQ resistance was observed after CQ withdrawal. In 1992, 85% of the isolates contained PfCRT K76T. In 1993, the prevalence was 50% and had reduced to 13% by 2000. This observation prompted a CQ in vivo efficacy study in Malawi in 2005 and was found to be 99% effective. 20 Thus, CQ, a cheap and well-tolerated antimalarial, could potentially be reintroduced as part of combination therapy in regions where CQ-sensitive strains of P. falciparum have reemerged. Indeed, Senegal may find itself in a similar position so long as the country refrains from using CQ monotherapy for antimalarial therapy for the time being and undertakes constant surveillance of prevalence of drug resistance.
To protect the longevity and efficacy of ART and its derivatives, critical components of current antimalarial treatment options, it is essential for the partner drug in the combination therapy to be clinically effective. For example, in Cambodia, artesunate-mefloquine treatment failure was correlated with in vitro mefloquine resistance. 6 In Senegal, artesunate-AMQ is a commonly used combination therapy. 21 We, therefore, Resistance against CQ, AMQ, and QN are defined as IC 50 values > 100 nM, > 60 nM, and > 800 nM, respectively. 13 No clinical resistance threshold for ART has been established. Values in parenthesis indicate prevalence of resistance against each drug in the field isolates as a percentage. determined the drug responsiveness of our isolates to AMQ and found the IC 50 values of all of them to be less than the resistance threshold of 60 nM. 13 We identified a larger range of IC 50 values among the isolates for ART with the highest value being > 30 nM ( Figure 1 ). Our data are consistent with those of Jambou and others, 5 which also found a large range of IC 50 values (0.1-45 nM) for the ART-derivative artemether among clinical isolates in Senegal. No clinical resistance to date has been reported for the ART class of drugs in Africa. Thus, establishing baseline ART IC 50 values is critical to be able to monitor any future decrease in ART sensitivity because of widespread use of ACT in this region, and our data could potentially serve as baseline values for future artemisinin-sensitivity analysis.
QN continues to have important clinical indications for parenteral treatment and severe disease. Our analysis revealed minimal resistance levels against QN. These levels have remained essentially unchanged (5% in Dakar in 2002). 18 This absence of significant resistance may reflect the minimal selective pressure of QN (it is more commonly used than other drugs) and/or suggest that QN resistance does not arise as readily in the natural setting.
Drug-efficacy surveillance is critical for detecting the emergence of drug resistance and preventing its dissemination. Here, we describe an additional non-radioactive DAPI-based method to allow high-throughput screening for the prevalence of drug resistance in the field. We have used this method to determine the effect of withdrawal of CQ in 2002 on the prevalence of CQ resistance in Dakar, Senegal. Based on ex vivo culture of parasites from patient isolates, our data indicate that the prevalence of CQ resistance has decreased from 53% in 2002 to 23% currently in Dakar. Our data also confirm the sensitivity of P. falciparum in Dakar to AMQ, a commonly used partner drug in ACT in Senegal. However, we identified several isolates that exhibited elevated ART IC 50 values. Periodic screening should enable us to keep track of the spread of these isolates. Finally, in vitro resistance does not necessarily correlate with clinical treatment failure, because antimalarial immunity (and perhaps other factors) impact in vivo parasite clearance. 22 Nonetheless, in vitro drug-resistance patterns generally reflect parasite capacity to withstand chemotherapy in the field. 23 Thus, extensive and periodic monitoring of drug efficacy and better control of unregulated drug usage is imperative. 
